The performance of an ensemble-based dynamical regional climate downscaling system is evaluated over southern Asia in a northeasterly monsoon season for different choices in grid spacing and domain size. A seven-member ensemble of the ECHAM4.5 global climate model at a resolution of about 300-km grid size was used to drive the RegCM3 regional climate model with grid sizes of 100, 50, 25, and 20 km, respectively. The performance is reported in detail over Sri Lanka. Two sets of regional model runs were undertaken to assess the effect of grid spacing and model domain size on the downscaling performance. The RegCM3 simulation with 100-km grid size significantly underestimates the height of the central mountain range in Sri Lanka, in a manner that is too coarse to capture orographic influences on the rainfall. However, the RegCM3 simulations with grid sizes from 20 to 50 km capture mesoscale features that arise from uplift condensation on the windward side of the monsoon winds due to the topography. These simulations also capture the orographic influences on the month-to-month rainfall over Sri Lanka that were absent in the ECHAM4.5. While the ''small domain'' runs [where only the forcings for the region immediately around Sri Lanka (48-118N, 768-858E) are used] are computationally more efficient, the results are overly controlled by the lateral boundary driving of the ECHAM4.5 so they inherit large uncertainty from the seven ECHAM4.5 realizations used for the RegCM3 ensemble runs. The ''large domain'' simulation used a domain comprising both land and ocean (approximately 48S-228N, 658-968E). The large-domain group of simulations produced reasonable spatial distribution of precipitation over the region. Moreover, the ensemble spread was considerably reduced in the large-domain high-resolution runs. Therefore, fine enough grid resolution (25 km or less) and sufficiently large domain size are both needed to simulate the essential features of precipitation in this tropical and monsoonal region.
Introduction
Weather and climate on the earth have been simulated using computers with atmospheric and oceanic numerical models with a domain that covers the globe or a limited region on it. Climate in a particular area is not only determined by the regional meteorological forcings but is also affected by its interactions with larger-scale phenomenon and a global domain is needed to capture these interactions. Contemporary general circulation models (GCMs) used for operational seasonal climate prediction typically use a coarse resolution with grid size of about 100-500 km because of limited computational resources. Quite often such coarse resolution is of limited use for practical applications such as for health, water resources, agriculture, and disaster risk management. To mitigate this problem, regional climate models with higher resolution (10-100-km grids) may be driven by the output of the GCMs, over the area of interest. Regional models can recover some of the important regional-scale features underestimated in coarse-resolution GCMs such as the influence of topography on the atmosphere (Dickinson et al. 1989; Laprise et al. 2008 ) and the local thermally driven land-sea breezes (Qian 2008) . Regional climate models are driven by time-dependent large-scale meteorological fields specified at the boundaries of the chosen domain. The choice of domain affects the balance between the boundary and internal model forcings in the simulation (Anthes et al. 1989; Giorgi and Mearns 1999) . The location of boundaries in relation to the regional sources of forcings in a particular climatic regime can also affect the regional climate model simulations (Seth and Giorgi 1998; Rauscher et al. 2006) . Unlike deterministic weather forecasts, a seasonal and longer-term climate prediction is usually represented by a probabilistic distribution over a range of outcomes to account for the relatively large uncertainties associated with (i) the chaotic nature of the nonlinear climate system (Lorenz 1963) ; (ii) the errors in observation that are used as input to forecast models; (iii) the model deficiencies in representation of physical and biochemical processes, especially subgrid-scale processes; and (iv) the limitation of numerical schemes in the discretion of continuous equations in the computer models, such as the finitedifference or spectral methods in global models, or the lateral boundary nesting method in regional models (Sun et al. 2006 ). The uncertainties become larger when the spatial scale becomes smaller. Multimember ensemble modeling, which is used as a mean to represent those uncertainties numerically, has been extensively studied for GCMs (Palmer et al. 2005 ), but not adequately for regional climate models.
In this paper, we evaluated the uncertainties of regional model simulations associated with ensemble global model forcing, and the choice of regional model domain sizes and grid spacing, for Sri Lanka and the surrounding region in South Asia during the northeasterly monsoon season. This work is undertaken in a tropical region with ocean and land influences, complex topography, and monsoon influences which will challenge any downscaling exercise.
Societal vulnerability to climate variability is greater in the tropics, but there is also greater seasonal climate predictability in the tropics (Mason and Goddard 2001) . Thus, the value of skillful predictions from regional climate models is enhanced for the tropics. Previously work on regional climate models has been undertaken for the tropical South America region (e.g., Qian et al. 2003; Roads et al. 2003; Seth et al. 2004; Sun et al. 2006) , the North America region (e.g., Giorgi et al. 1993a,b; Qian et al. 1999) , the East Asian monsoon region (e.g., Qian et al. 2004; Leung et al. 1999) , the eastern African region (e.g., Sun et al. 1999) , the Indian summer monsoon region (e.g., Bhaskaran et al. 1996) , and the Southeast Asian monsoon region (e.g., Qian 2008; Moron et al. 2010) .
McGregor (1997) briefly reviewed general concepts and methodologies of regional climate modeling, such as nesting methods, conservation properties, orographic effect, and the usage of regional climate models in simulation of present-day climate and climate change. Wang et al. (2004) reviewed the progress and challenges in regional climate modeling, including methodologies, physical process studies, and the internal variability and uncertainty for downscaled seasonal climate predictions and climate change studies. Pal et al. (2007) introduced a network of regional climate modeling and application for developing countries based on a regional climate model (RegCM3) developed by the Abdus Salam International Centre for Theoretical Physics (ICTP). Alexandru et al. (2007) , Laprise (2008) , and Laprise et al. (2008) clarified some key issues faced by the regional climate modeling community from a Canadian perspective based on analyses of a series of the Big Brother Experiments, in which a small-domain regional climate model (the little brother) is driven by the somewhat filtered outputs from the same regional model with a large domain (the big brother) to examine the capacity of the little brother to recover small-scale features in the original unfiltered data in the big brother.
Sri Lanka is an island with an east-west width of 224 km and north-south length of 432 km (Fig. 1) , located within the monsoon region (Ramage 1971) . A mountain range runs north to south in the middle of the country, with a narrow peak at 2532 m above sea level. Sri Lanka and southern India and the surrounding region has a complex topography including islands, subcontinent, straits, and the ocean.
While most of south Asia receives its rainfall during the boreal summer, the region of southern India and Sri Lanka receives most of its rainfall from October to December. Previous regional climate modeling exercises for south Asia have focused primarily on the summer season. Assessing the quality of climate simulations and associated uncertainties over this region is of importance since it not only affects 140 million people but can also be useful given the relative skill in predictability of GCMs over this region (Mason and Goddard 2001; Goddard et al. 2003; Li et al. 2008) . We focus on Sri Lanka given the availability of finescale data. This work shall also benefit ongoing use of climate information for risk management in the health , agriculture (Zubair 2002; Peiris et al. 2008) , water resources (Chandimala and Zubair 2006) , and disaster management sectors (Lyon et al. 2009 ).
The objectives of this paper are 1) to examine whether high-resolution downscaling with regional models adds value over the GCM simulation over Sri Lanka; and 2) to explore sources of uncertainties in the ensemble downscaling: both from the global model due to the ensemble spread in the large-scale forcing, or from the regional model due to constraints on model grid spacing and domain size.
The global and regional models and experimental designs are described in section 2. Observational data used to check the fidelity of model simulation are described in section 3. Sensitivities of simulated rainfall distribution to domain size and grid spacing are analyzed in section 4. The uncertainty as represented by the ensemble spread (the variance among the ensemble members) and its sensitivity to domain size and grid spacing are studied in section 5. Conclusions are drawn in section 6.
Models and experimental design
The atmospheric GCM ECHAM4.5 (Roeckner et al. 1996) with T42 horizontal resolution and 19 vertical levels is used for seasonal and interannual climate prediction at the International Research Institute for Climate and Society (IRI; Barnston et al. 2003; Li et al. 2008) . Its resolution of about 300-km grid (2.81258) is too coarse to capture the topographic features of Sri Lanka (Fig. 1a) .
The regional climate model, RegCM3, was used to downscale the results from the ECHAM4.5 model to a smaller and larger domain and to grid sizes ranging from 100 to 20 km.
The ECHAM4.5 is an atmospheric global spectral model based on the Navier-Stokes equations of the atmosphere with a hydrostatic approximation in the vertical. The prognostic variables are vorticity, divergence, surface pressure, temperature, specific humidity, and mixing ratio of total cloud water. To account for the inherent uncertainties in the nonlinear climate system, seven members of the Atmospheric Model Intercomparison Project (AMIP) run (forced by observed sea surface temperature) are used to drive the regional climate model RegCM3.
The regional climate model RegCM3 was developed by the Physics of Weather and Climate Group at the ICTP, at Trieste, Italy, and is based upon RegCM2 (Giorgi et al. 1993a,b) . Its dynamical core is close to that of the hydrostatic version of the fifth-generation Pennsylvania State University-National Center for Atmospheric Research Mesoscale Model (MM5), a gridpoint model (with Arakawa-B grid) based on primitive atmospheric equations. The model uses a pressure-based terrain-following s coordinate:
where p is the air pressure in the atmosphere, P s is the surface air pressure, and P t is a prescribed constant pressure at the model top. The regional model is driven by lateral boundary conditions derived from 6-hourly outputs of the GCM. To avoid discrepancies between the outer driving fields and the model internal physics, an exponential relaxation scheme (Giorgi et al. 1993b; Qian et al. 2003 ) is applied to a lateral buffer zone with a width of five grid intervals. The relaxation scheme consists of Newtonian and diffusion terms that are added to the model tendency equations for wind components, temperature, water vapor mixing ratio, and surface pressure.
The regional model is totally governed by its own physics in the inner domain surrounded by the lateral buffer zone, and is only subject to external forcing by the lower boundary of land and ocean. Over land area, the Biosphere-Atmosphere Transfer Scheme (BATS; Dickinson et al. 1993 ) is employed to compute surface radiative, sensible, and latent heat; momentum fluxes; surface temperature; and moisture based on the assigned vegetation and soil parameters. Over the ocean, the model is forced by the sea surface temperature (SST) data obtained from spatial and temporal interpolation of observed monthly gridded SST data. The large-scale cloud and precipitation process is calculated by the subgrid cloud scheme of Pal et al. (2000) in which each grid cell is partitioned into a cloudy and noncloudy fraction according to the averaged relative humidity. The Grell cumulus scheme with Fritsch-Chapell closure (Grell 1993 ) is used to calculate the precipitation due to moist convection. The parameterization scheme of the diabatic heating by solar and terrestrial radiation is that of the NCAR Community Climate Model (CCM3; Kiehl et al. 1996) . Finally, the parameterizations representing subgridscale processes in the planetary boundary layer, such as turbulent transfer of momentum and heat in the lower atmosphere are those of Holtslag et al. (1990) .
The RegCM3 was run over southern south Asia with different grid sizes of 100, 50, 25, and 20 km, with its domain and topography shown in Fig. 1b (100-km grid) and Fig. 1c (20-km grid) , respectively. The RegCM3 simulations performed are listed in Table 1 . The domains are centered over Sri Lanka at 7.58N, 80.58E. Three experiments use a small domain (about 1000 km 3 1000 km) with grid sizes of 50, 25, and 20 km, denoted by S50, S25, and S20, respectively. The other three experiments use a large domain (about 4000 km 3 4000 km) with grid sizes of 100, 50, and 25 km, denoted by L100, L50, and L25, respectively. The fine-resolution simulations are computationally expensive; for example, the 20-km grid run would be 5 3 5 125 times more expensive in terms of computational cost than the 100-km grid run. Vannitsem and Chome (2005) tested sensitivity of regional climate modeling results to domain sizes over a midlatitude region in western Europe. They found that the domain sizes need to reach a certain extent (438 in the midlatitudes, which is about 2000-3000 km across) to obtain good-quality simulation of the model variables. Leduc and Laprise (2009) ran the Canadian regional climate model in North America in winter and found that small domain models effectively retain time-averaged (stationary) forcing from the driving field, while large domain models generate more small-scale transient-eddy variability in the interior of the domain. Using a regional 
climate model driven by analyses, Seth and Giorgi (1998) found that the smaller domain captures observed summer rainfall in the central United States better than the larger domain, probably because of the stronger forcing from the analyses in the smaller domain. The small-domain simulations are reexamined here in the context of a GCM-driving ensemble modeling perspective. Considering the trade-off between large domain size and fine resolution (e.g., the L25 is very expensive), we chose our large domain with a size of about 3000-4000 km across (corresponding to D4 or D5 in Vannitsem and Chome 2005) . This is probably good enough considering it is in the tropics where winds (and thus lateral forcing) are usually weaker than those in winter in the midlatitudes where the atmospheric baroclinicity is very strong. The small-domain runs are compared to the largedomain runs and examined in the multimember GCMdriving ensemble modeling perspective. Because of the strong orographic effect on the rainfall in Sri Lanka, an adequate representation of terrain in the regional model is necessary. Figure 1b shows that the 100-km grid resolution gives a peak of less than 200 m for the central mountain and this is insufficient. The 20-km grid shows a central mountain with the peak height slightly over 1000 m (Fig. 1c) , which is a considerable improvement but is still much less than the actual peak of 2532 m. The observed U.S. Geological Survey (USGS) elevation of 2 min or about 2-km grid size over Sri Lanka is shown in Fig. 1d . Note that the area around the highest peak is narrow and steep such that only a tiny area has an elevation higher than 2000 m (Fig. 1d) . The simulated area above 1000 m is smaller in Fig. 1c than in Fig. 1d . Nevertheless, the 20-km grid (Fig. 1c) captures the gross features of the central mountain range. Note that in a regional climate modeling study over Java Island (which is about 200 km in width, slightly narrower than Sri Lanka), a 25-km grid RegCM3 simulated landsea breezes and mountain-valley winds reasonably well (Qian 2008) . Considering the limitation of the hydrostatic dynamics (discussed in detail in Qian and Kasahara 2003) , which is used in the current version of the RegCM3 and possible problems of using the cumulus parameterization schemes at extremely high resolution (because the subgrid convection schemes were designed for mesoscale models with typical grid sizes in tens of kilometers; Grell 1993), we limit our simulation at mesoscale resolution to grid sizes of 20 km and above. Our goal is to capture the major mesoscale features of orographic rainfall over Sri Lanka.
The regional model has 18 vertical levels with 5 levels in the lowest 1.5 km of the atmosphere and the top of the model atmosphere is at 100 hPa (P t ). The model was run for 6 months in the largely northeasterly monsoon 
Observed data
Three observational datasets of precipitation were used for model evaluation: 1) the Tropical Rainfall Measuring Mission (TRMM) satellite rainfall estimation (0.258 3 0.258 grid) (Kummerow et al. 2001) , which has been used for tropical climate studies such as for convection and precipitation diurnal cycle studies (Wang et al. 2007; Zhou and Wang 2006 ) and the terrain effect on the Asian monsoon (Xie et al. 2006) ; 2) the gridded station observation, on 0.28 3 0.28 grids covering Sri Lanka developed from observations at 220 observing stations (Lyon et al. 2009 ), and on 18 3 18 grids covering India developed by the Indian Meteorological Department (Rajeevan et al. 2005) ; and 3) the National Centers for Environmental Prediction (NCEP)-NCAR Reanalyses (NNR; Kalnay et al. 1996) wind field was used to validate the simulated atmospheric circulation. Figure 2 shows the TRMM monthly mean precipitation (in units of mm day
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) and NNR 850-hPa winds during the 2000-01 winter monsoon season. In October 2000, the wind field in the lower atmosphere over southern India and Sri Lanka was still controlled by westerlies, while northern India began to be dominated by northeasterlies indicating a transition from summer to winter monsoon season. The average 850-hPa wind field in this month had a cyclonic circulation over the Bay of Bengal (BOB). In the subsequent months, the maximum rainfall shifted toward the southeast as the winter monsoon progressed. Starting from November, the lower atmosphere over Peninsula India and Sri Lanka were controlled by the northeasterly winds. While northern India received little precipitation, Sri Lanka and the southernmost Indian state (Tamil Nadu) received plenty of rainfall. In December 2000, eastern Tamil Nadu and Sri Lanka continued to receive plenty of rainfall. By January 2001, Tamil Nadu received very little rainfall, but Sri Lanka continued to garner significant rainfall, particularly in the east. In the following two months, the region of high precipitation region shifted farther to the southeast to the eastern Indian Ocean.
Station-based rainfall gridded data over Sri Lanka and India are shown for the period from October to March (Fig. 3) . The finescale spatial features in the highresolution station data are not well captured in the TRMM data. The station data show enhanced precipitation on the windward side of the central mountain range of Sri Lanka (i.e., over western slopes in October and over eastern slopes from November 2000 to January 2001). The 4. Uncertainties in the spatial heterogeneity of precipitation distribution and winds a. Sensitivity of large-scale precipitation and winds to grid spacing Figure 4 shows the seven-member ensemble mean of the ECHAM4.5 (Fig. 4b) , and RegCM3 large-domain simulations (Figs. 4c-e) for L100, L50, and L25, respectively, for October 2000. The observed TRMM precipitation and NNR winds are plotted in (Fig. 4a) for comparison. In the observations, a region of cyclonic circulation centered at about (138N, 858E) is surrounded by a belt of heavy rainfall. The region of maximum rainfall around the cyclonic circulation extends southeastward to Sumatra in Indonesia and northeastward to another rainfall center at the northern tip of the BOB. The ECHAM4.5 successfully simulated the general feature of rainfall and winds over the region. However, there are some differences between Figs. 4a and 4b. The cyclonic circulation and the associated precipitation center simulated by the ECHAM over the northern BOB are displaced north of the observed cyclonic circulation center by at least 58 of latitude (Fig. 4b) .
The 850-hPa circulations in the large-domain simulations of RegCM3 (L100, L50, and L25) are similar to each other; all of these follow the circulation pattern of the driving ECHAM shown in Fig. 4b . The winds near the northeast corner of the domain associated with the cyclonic circulation are stronger both in the ECHAM and RegCM3 runs than in the NNR data. However, the simulated westerlies in the equatorial Indian Ocean in the ECHAM and RegCM3 runs are weaker than those in the reanalyses. In boreal fall, there is a westerly jet over the equatorial Indian Ocean (Wyrtki 1973; Hastenrath and Polzin 2004) . The weaker westerly jet in the ECHAM4.5 is probably caused by the underestimation of rainfall over the Maritime Continent of Indonesia, leading to reduction of low-level atmospheric convergence (Qian 2008) . The large-scale distributions of precipitation in L100, L50, and L25 are also similar, with heavier precipitation over northern BOB (Figs. 4c-e) .
The lack of sensitivity of large-scale features of rainfall and winds to grid sizes of the RegCM3 (as shown in Figs. 4c-e, and in Figs. 5 and 6) is likely due to the following three reasons: 1) the RegCM3 is driven by the same set of seven ensemble members of the ECHAM4.5; 2) most of the RegCM3 domain is over ocean and the model is driven by the same set of prescribed SSTs; and 3) the subgrid physics parameterization schemes, especially the cumulus scheme, are basically one dimensional (in the vertical direction) in the RegCM3 (and most other numerical models) at a given time step; thus, it is not very sensitive to horizontal grid spacing. However, as will be shown later, the high-resolution results do have finescale spatial features associated with the mountainous topography.
The ECHAM simulated the transition from summer to winter monsoon season well as seen in the reversal of wind direction (from October to November) and in the southeastward progression of heavy precipitation from the Indian subcontinent to the tropical Indian Ocean. The RegCM3 reproduced this seasonal variation, as shown in the analyses for October 2000 (Fig. 4) , December 2000 (Fig. 5) , and February 2001 (Fig. 6) . Starting from November 2000 (Figs. 2 and 8) , the dominant wind direction becomes northeasterly and easterly over Sri Lanka. As examples, Figs. 5 and 6 show the comparison of the monthly mean simulated and observed precipitation and low-level winds for December 2000 and February 2001, respectively. The TRMMobserved precipitation and NNR reanalysis winds (Figs. 5a and 6a) show that the center of maximum precipitation moved to locations to the east and southeast of Sri Lanka during December and February, respectively. Compared to Fig. 5a , the simulated cyclonic circulation at 850 hPa between the equator and 58N over the south Bay of Bengal is reproduced in all large-domain simulations, albeit weaker and shifted slightly to the south. The eastern coast of Tamil Nadu and Sri Lanka received more precipitation than the western side in the simulations for December. The western side of the Indian Peninsula received small amounts of precipitation during December as shown in the TRMM data, but ECHAM produced slightly more precipitation over this area (Fig.  5b) . However, the RegCM3 simulations (Figs. 5c-e) seem to estimate lower precipitation over the western side, similar to the observations. By February 2001, the major rainbelt advances farther to the equatorial Indian Ocean (Fig. 6) . The precipitation distribution in the ECHAM run (Fig. 6b) is rather even and zonally oriented, and is quite different from the TRMM observation. The RegCM3 simulations (L100, L50, and L25) produced very little precipitation (less than 0.1 mm day
) over the northern and northwestern part of the domain, corresponding well with the TRMM observation, and improving upon the precipitation produced by the GCM. Although the precipitation distribution in the TRMM estimates and that based on station observations is similar, there are still small-scale differences (e.g., Figs. 7b,c and 8b,c). As the ECHAM GCM is at a coarse resolution, its outputs do not capture the high-resolution features in the observations (Figs. 7a and 8a ).
Dramatic differences in precipitation distribution are found in the simulations with different domain sizes. The three large domain simulations (L100, L50, and L25; Figs. 7d-f) show smoother spatial distribution of precipitation over both land and ocean with slightly more precipitation in the windward side of the central mountain range (particularly in the L50 and L25 runs) similar to the observations. The three small domain simulations (S50, S25, and S20; Figs. 7g-i) produce excess precipitation in small areas near the mountain peaks in Sri Lanka and Tamil Nadu, but only little rainfall over the ocean. In reality, heavy precipitation is sometimes also observed over tropical oceans. Thus, it seems that the small domain simulations are overly controlled by the mechanical forcing of the driving field from the ECHAM and contain large biases.
The wind speeds in the ECHAM results (Fig. 7a ) are much weaker than those in the NNR reanalysis (Fig. 7b) around Sri Lanka. In the three small-domain simulations, the wind speeds are also very small, similar to those driving ECHAM simulations. In contrast, the large-domain simulations (especially the L50 and L25 runs) have larger wind speeds. The wind directions in these simulations resemble the driving ECHAM simulations rather than the NNR data. This confirms that if the domain of a regional model is too small, it would be overly controlled by the driving field, leaving inadequate freedom for the regional model to generate its internal variability (Giorgi and Bi 2000) .
Because of their different horizontal grids and vertical levels and different types of physics packages, subtle inconsistencies may exist in the lateral buffer zone between the interpolated ECHAM driving fields and the internal dynamics of the RegCM3. These inconsistencies exert the strongest impact on smaller-domain simulations through lateral boundary forcing, especially by the upper-level ventilation or ''flushing'' effect (McGregor 1997; Laprise et al. 2008 ). In our small-domain simulations, the rainfall is underestimated in the buffer zone, so that exessive moisture is left to enhance rainfall near the mountain tops (Figs. 7g-i and 8g-i) . Laprise (2008) and Leduc and Laprise (2009) also pointed out that simulations with overly small regional model domains may have a spatial spinup problem if there is insufficient space to generate fine scales.
The impact of grid spacing on the orographic precipitation is also examined. In October (Fig. 7) , the dominant winds are westerlies, and the TRMM and Sri Lanka station observation show that maximum precipitation is on the southwestern side of the central mountain range resulting from moist condensation of the uplifting air over the windward side. However, this feature is not reproduced in the L100 simulations. This shortcoming is due to insufficient mountain heights in the 100-km grid model. The L50 simulations show slightly greater precipitation over the western slopes than the eastern slopes. The L25 runs produce maximum precipitation on the correct location over the southwestern slope as in the station data, but the magnitude is still less than that of the station observation.
In November, when the northeasterlies prevail, the TRMM and station observations show heavier precipitation on the eastern side of Sri Lanka (Figs. 8b,c) . The ECHAM results correctly show larger amounts of precipitation in the eastern part of Sri Lanka, even with the coarse resolution of 2.88, indicating good performance of the GCM for this month (Fig. 8a) . The large-domain simulations L100 and L50 show a decreasing gradient of precipitation from east to west. The precipitation is shifted in the direction of the wind in both simulations relative to the observations (Figs. 8d,e) . The L25 runs give relatively large precipitation on the eastern slopes similar to the observations (Fig. 8f) . The three small-domain simulations, however, produced heavy precipitation on the wrong side (Figs. 8g-i) . Note that the intensity of the simulated maximum precipitation is still underestimated and the finescale structure of precipitation in the station observation is not fully reproduced even with 25-km grid (L25). Proper simulation of precipitation processes probably needs cloud-scale models (Tao et al. 2003) . Nonetheless, these findings show that higher-resolution alone cannot compensate for an overly small domain size in regional models.
Uncertainties in the ensemble simulations
in the global and regional models a. Definition of ensemble mean, ensemble spread, and relative ensemble spread
To account for uncertainties in the global climate model simulation and forecast, multiple ensemble members were run using the same model but with slightly 
different initial conditions (taken from different days).
Then each realization of the global model run is used to drive the regional model. To quantify the uncertainties, the following measures are defined based on the time series of monthly mean values from different ensemble members. The ensemble spread S is the square root of variance between ensemble members:
where M is the total number of ensemble members (M 5 7) and XðtÞ is the ensemble mean:
A relative (or normalized) ensemble spread is defined by the ratio of the ensemble spread to the ensemble mean: S/X(t).
The 6-month-averaged ensemble mean, ensemble spread, and relative ensemble spread (shown as percentage) over the whole island of Sri Lanka in the ECHAM4.5 and six RegCM3 simulations are given in Table 1 . In terms of time averages, the ensemble mean in the RegCM3 simulations are larger than that in the GCM, indicating reduction of systematic biases as compared to the observations (also see Fig. 10 ). The magnitude of the ensemble spread in the RegCM3 large-domain simulations is similar to that in the GCM. Therefore, the relative ensemble spread is significantly smaller than that in the GCM, especially in the L25 simulation. The three small-domain simulations have larger values than the GCM in both ensemble mean and ensemble spread, so the relative ensemble spread is only slightly smaller than that in the GCM. In the following, we will examine the variability of the ensemble means and spreads spatially and temporally.
b. Ensemble spread in the global model Figure 9 shows the seven-member ensemble simulations of ECHAM4.5 over the south Asian and Indian Ocean region in November 2000. Figure 9a is the TRMM precipitation and NNR reanalysis winds over 850 hPa, used as an observational reference for comparison. Figures 9b-h are results of each of the seven ensemble members of ECHAM4.5, respectively. Figure 9i is the ensemble mean obtained by averaging the seven ensemble members.
Comparison of the observation Fig. 9a and the ensemble mean Fig. 9i indicates that the gross features of the large-scale intertropical convergence zone (ITCZ) with rainfall over the tropical Indian Ocean are simulated well by the ECHAM4.5. Similarly, the northeasterly monsoonal winds over Sri Lanka are simulated quite well by the ensemble mean. During November, low-level westerly winds prevail over the eastern Indian Ocean, converging to a large-scale precipitation center over the western Maritime Continent around the islands of Sumatra, Borneo, and Java.
Note that the speed of the equatorial westerlies over the central and eastern Indian Ocean is underestimated in the ECHAM4.5 ensemble mean. This is probably caused by the underestimation of rainfall over the western Maritime Continent region near Sumatra (Fig.  9i) as compared to the observation (Fig. 9a) . Qian (2008) found that the bias of rainfall over the Maritime Continent in the coarse-resolution ECHAM4.5 is due to the underrepresentation of the complex topography of islands, seas, and mountains and the associated landsea breezes and mountain-valley winds. The underestimated rainfall over the Maritime Continent in the GCM acts to weaken the low-level convergence and thus reduce low-level westerlies over the tropical Indian Ocean.
In spite of some similarities in the ensemble mean and observation, there exist remarkable differences between the ensemble members, as shown in Figs. 9b-h. For example, some members (1, 5, and 6) simulate more precipitation over the Bay of Bengal while others (4 and 7) simulate less precipitation there. The zonal distribution of rainfall in the tropical Indian Ocean is also very different. Maximum rainfall is located over the eastern Indian Ocean in ensemble numbers 2 and 3, over the central Indian Ocean in ensemble numbers 5 and 7, over both the central and eastern Indian Ocean in number 6, and over the western Indian Ocean in ensemble number 4. Because of the weak Coriolis effect in the low latitudes, low-level winds tend to converge directly to areas of high precipitation and rising air. Therefore, the easterly winds in the tropical Indian Ocean in ensemble number 4 are opposite in direction to the westerlies in other ensemble members. Over Sri Lanka, however, all ensemble members reproduce northeasterly flow at the 850 hPa despite the significant differences in precipitation (Figs. 9b-h ). Figure 9 shows that the ensemble spread in the global model simulation is large. Unlike regional models that are controlled by certain lateral boundary conditions, global models are not subject to such horizontal constraints. Hence, a horizontally autonomous global model has a large degree of freedom to generate rather different results among its ensemble realizations resulted from the nonlinear and chaotic nature of the atmospheric dynamics (Lorenz 1963) . The large differences among the ensemble members in south Asia are quite evident in Fig. 9 .
Nevertheless, in terms of 850-hPa winds immediately around Sri Lanka, all members of the ECHAM4.5 successfully simulated the northeasterly monsoon. Therefore, even though rainfall over Sri Lanka and the surrounding region may be poorly simulated in the ECHAM4.5, it is possible to improve the rainfall simulation by the RegCM3 downscaled simulation, considering that the wind-terrain interaction may correct the local rainfall distribution over the eastern versus that on the western mountain slopes.
c. Comparison of ensemble means and spreads in the global and regional models
To characterize the evolution of ensemble spread between ensemble members, the monthly precipitation time series of the GCM and the regional model simulations are compared with that of the observational time series. Figure 10a shows the time series of the averaged rainfall from station observations and the ECHAM4.5 simulated monthly precipitation in the 2000-01 winter season over the Sri Lankan area (5.88-9.48N, 79.68-82.08E). The magnitude of ECHAM precipitation is much smaller than the observations, particularly from November to February, indicating that the GCM significantly underestimates the precipitation over Sri Lanka. The observations show that October 2000 is a relatively dry month and that November 2000 is the rainiest month during this period. These ECHAM simulations, however, produce large amount of precipitation in October with declines in November and December followed by a slight increase from January to February 2001. Figure  1a shows that the island of Sri Lanka is not captured in the ECHAM4.5 topography. Therefore, the ECHAM cannot simulate the topographic rainfall associated with the wind-terrain interaction (Chang et al. 2005; Xie et al. 2006 ) and the sea-breeze and valley-breeze convergences (Qian 2008) . That is probably the reason why ECHAM4.5 significantly underestimates rainfall over Sri Lanka. Figure 10b shows the time series of monthly mean precipitation by the seven-member ensemble simulations of the RegCM3 L25 for Sri Lanka. Compared to the ECHAM precipitation in Fig. 10a , the magnitudes of precipitation in the RegCM3 runs are larger (Fig. 10b , also see Table 1 for the seasonal averaged values); that is, the regional model downscaling helps in reducing the systematic biases. The L25 run produces more precipitation in November than in October in eastern Sri Lanka (Figs. 7f and 8f ) and for the whole Sri Lanka (Fig. 10b) in keeping with observations. The lower atmosphere is dominated by northeasterlies in November, leading to heavy precipitation over the eastern slope (Fig. 8f) . Figure 10a shows that the monthly rainfall trend from October to November is not captured by most of the ensemble members of the ECHAM simulation (6 out of 7 members are incorrect, except for ensemble number 6 in which heavy rainfall is found over Sri Lanka in November as shown in Fig. 9g ). The station observation (Fig. 3) shows that heavy rainfall in November falls over the eastern slopes of Sri Lanka by the uplifting of northeasterly monsoonal winds at the windward side of the central mountain range. But the coarse-resolution ECHAM4.5 cannot reproduce this windward side orographic rainfall over Sri Lanka in November. In contrast, 6 out of 7 members of the RegCM3 simulation (except for number 3) correct the trend such that rainfall increases from the October to November (Fig. 10b) . Figure 11 shows all ensemble means of model simulations over four regions (Tamil Nadu, the western and eastern slopes, and the whole of Sri Lanka) for the ECHAM, and the RegCM3 runs of L100, L50, L25 (marked by squares); and S50, S25, and S20 (marked by circles). The TRMM and station observations are also plotted as references. The values of the ensemble mean of the seven-member ECHAM simulations are very small compared to the observations, and they decrease from October to January. Note that the ECHAM-simulated ensemble means over Tamil Nadu (Fig. 11a) and Sri Lanka (Fig. 11d) are exactly the same because of the coarse resolution of the GCM. The RegCM3 runs enhance the magnitude of precipitation in relation to that of the GCM. The magnitudes and temporal variation of the ensemble means of the three large-domain simulations are similar to each other. The magnitudes of the ensemble means of the three small-domain simulations are generally larger than that of the large-domain simulations. This implies that the regional model is more sensitive to domain size than to grid spacing.
The month-to-month trend of the RegCM3 simulations generally follows that of the ECHAM runs, except for February and March 2001 (Fig. 11) . There are some differences between the ECHAM and RegCM3 runs similar to that shown in Fig. 10 . The increase of precipitation from October to November in the three smalldomain model simulations corresponds better to the observations (Figs. 11b-d) ; therefore, they seem to have corrected the erroneous trend in the ECHAM simulations. However, this correction might be due to the wrong reasons considering the overreaction of the model atmosphere to the lateral boundary forcing and topographic effect in the small domain simulations as shown in the previous section. Nevertheless, the results imply that the high resolution in the small-domain runs helped correct the temporal precipitation trend. The large-domain simulations of L25 also correctly reproduced the transition of precipitation from October to November in the eastern slopes and the whole island (Figs. 11c,d ). This result seems more robust in the light of the good performance of L25 in simulating the spatial distribution of precipitation described earlier. Therefore, it appears that both high resolution and large domain size of regional models are critical for climate downscaling in this region.
To assess uncertainties in the ensemble simulation, we examine in Fig. 12 the month-to-month evolution of the relative ensemble spread, the ratio of the ensemble spread to the ensemble mean as defined by (2) and (3), for the four regions as in Fig. 11 . Fox-Rabinovitz et al. (2005) showed similar time series but used the ensemble spread as the measure of uncertainty for a GCM ensemble simulation. Considering the ensemble means are quite different among our experiments (Table 1) , we choose to show the relative ensemble spread instead. The ECHAMsimulated relative ensemble spread is small (13%) in the October, but it increases to above 30% after December.
The ECHAM has the largest relative ensemble spread almost all the time in comparison to that of the RegCM3 ensemble simulations (Figs. 12a,d) .
The three small-domain simulations (S50, S25, and S20) have large relative spreads, which share similar month-to-month evolution to that of the ECHAM (and the spread of S50 is slightly larger than that of S25 and S20). This indicates that small-domain models of RegCM3 are strongly controlled by the ECHAM forcing through the lateral boundary forcing; thus they inherit the large relative spread in the ECHAM ensembles. It is also worth noting that the ensemble spread is larger over smaller averaged areas (i.e., smaller in Figs. 12b,c than in Fig. 12d ) in the small-domain simulations that produce heavy rainfall at the wrong side of the central mountain range of the island. Even though the mean biases are reduced in the small-domain runs, the ensemble uncertainties are still undesirably large.
In comparison, the three large-domain simulations (L100, L50, and L25) have smaller relative spreads than the small-domain simulations (except for the L100 occasionally in some months). The L100 run has a large relative spread, indicating that the insufficient representation of the land and mountain topography limits the capacity of the regional model to capture regionalscale rainfall. The relative ensemble spreads in the RegCM3 simulations are minimum in the second month (in November) of the 6-month-long simulations (OctoberMarch). In the initial month (October), RegCM3 inherits the large ensemble spread from the GCM ensemble. Then the RegCM3 internal dynamics, interacting with local surface forcing, generates similar results among the ensemble members, and narrows down the ensemble spread. But with the further increase of time (December and after), the ensemble spread increases. Unlike the ECHAM and small-domain runs in which the relative spreads increase sharply with time after November, the relative spreads in the L50 and L25 do not increase very much with time, indicating improved rainfall simulation in the reduction of both bias and uncertainty over Sri Lanka in the large-domain finegrid runs. 
Conclusions and discussion
By using a regional climate model RegCM3, the GCM ECHAM4.5 ensemble simulations have been downscaled over Sri Lanka and surrounding areas. Two groups of RegCM3 simulations with different domain size have been conducted to evaluate the performance of the dynamical downscaling. The large-domain group produced reasonable distribution of precipitation over both land and ocean regions. However, the small-domain group produced too much rainfall over the mountainous region and too little rainfall near the lateral boundary. When a regional model domain is too small, inconsistencies (between global model forcing and regional model dynamics and physics) in the lateral buffer zone are propagated to the interior of the domain and exert too strong a control over the regional model, thus making it unable to generate physically realistic results associated with the local surface forcing. From the multimember ensemble modeling perspective, another negative effect of small-domain models is that they inherit too much ensemble spread (thus uncertainty) from the driving GCM ensemble, which is not pertinent to the local forcing.
The effect of grid spacing on the orographic precipitation was also examined. The results indicate that a grid size smaller than 50 km is needed to differentiate the precipitation over the eastern and western slopes of the Sri Lankan central mountain range, which is associated with the low-level monsoonal wind directions. Therefore, both sufficiently large model domain and fine-grid resolution are needed for generating orographic rainfall skillfully.
We found added value from regional climate downscaling in simulation of local precipitation distribution and its temporal evolution by comparing the global and regional model results. The underestimation of precipitation in the ECHAM GCM has been mitigated by the RegCM3 downscaling, and the temporal trend of monthly precipitation has been corrected to some extent in the high-resolution (20-25-km grid) runs by the RegCM3 because of the ability of the regional model to simulate orographic rainfall processes.
The uncertainty in ensemble climate downscaling, as measured by the ensemble spread (or the variance among the ensemble members) and relative ensemble spread, is analyzed to examine its sensitivity to model domain size and grid spacing. The ensemble spread decreases drastically with the increase of regional model domain size (i.e., smaller uncertainties are obtained by using larger domain sizes). In contrast, the ensemble spread only moderately decreases with the reduction of grid size (i.e., smaller uncertainties at finer grid spacing). Therefore, for the purpose of reducing ensemble uncertainty in the GCM-driving downscaling, a larger regional model domain size seems to be more effective than a finer grid spacing. However, as we have found in this paper, a fine-grid spacing is needed to correctly simulate the orographic rainfall over Sri Lanka. Moreover, a fine-grid spacing is also beneficial in reducing ensemble uncertainties. In conclusion, a large-domain RegCM3 with a reasonably fine grid is needed to enhance the skill of the ensemble regional climate downscaling over south Asia.
In numerical models, precipitation is usually more difficult to simulate than the wind circulation field because of the complexity of moist precipitation processes. We indeed saw a widely dispersed ensemble spread in precipitation in the ECHAM ensemble members (Fig. 9) , but a relatively good agreement is obtained for the monsoonal winds around Sri Lanka. For places of strong local surface forcing, such as over the Sri Lankan central mountain range, a regional model forced by large-scale winds may produce more realistic local rainfall through improved simulation of regional physical processes such as the wind-terrain interaction. For instance, in the L25 simulation, we obtained a better month-to-month evolution of rainfall over Sri Lanka, and the ensemble uncertainty is reduced as well.
In the current study, the RegCM3 is limited to a singledomain and a uniform-grid framework. Our results point to the merits of nesting fine-grid small domains within a coarse-grid large domain or a stretched-grid method (Qian et al. 1999) . Besides the attention to model grid and domain sizes, fundamental studies are needed to understand physical processes, and improved physics parameterization schemes are essential for the enhancement of climate modeling and forecast skills (WCRP 2009). Ensemble downscaling by considering variance resulting from different physics parameterization schemes in a regional climate model is also a viable approach (Yang and Arritt 2002) . Another issue, which is important but has not been studied here, is the influence of the regional variability of SST. High-frequency SSTs (weekly or daily) may also contribute to weather-within-climate information (such as dry or wet spells and intraseasonal oscillations) and its use is likely to improve downscaling performance. An atmosphere-ocean coupled regional climate model is a desirable tool to study these multiscale processes and their influence on the quality of regional climate downscaling, especially in monsoonal regions with complex topography. These aspects deserve further investigation.
